O ver the past decade, electrophysiological assessments of functional outcomes after SCI have become more popular and better documented. These assessments include MEP recordings, SSEP recordings, dSSEP recordings, EMG recordings, SSR recordings, Hreflex recordings, and EPT recordings. With these tools, researchers hope to be able to accurately determine level and density of SCI, provide reliable monitoring of recovery over spinal cord segments, and provide indices of function. 12 Electrophysiological measures are able to offer a number of advantages over qualitative clinical measures. Firstly, electrophysiological recordings provide quantitative, objective data that can be analyzed by blinded researchers. 31 Secondly, the measures are more flexible and environment independent, thus allowing researchers to perform recordings on unresponsive, uncooperative, or comatose patients. 15 Thirdly, measures of evoked potentials complement existing SCI recovery assessments, such as the ASIA sensory and motor scores, as they are able to assess specific parts of the spinal segments and peripheral nerve tracts. In particular, measures can target specific spinal segments below the level of injury. 13 Finally, combinations of recording techniques can provide detailed quantitative information about a patient's condition that cannot be determined through other clinical means. 4 There is much promise in using these measures to assess SCI, predict functional outcomes, and inform clinicians about the planning and results of therapeutic interventions.
Despite the benefits of these measures, however, they have yet to be fully standardized and validated in clinic, and there is a need for further research and detailed guidelines. 31 The relationship between changes in electrophysiological measures and different quantifiers of recovery has not been fully explored yet, and the mechanisms of recovery from iSCI and cSCI are also still in need of further investigation. Much remains unknown about how these electrophysiological measures correlate to this recovery.
Motor Evoked Potentials
Motor evoked potentials provide a means for assessElectrophysiological outcomes after spinal cord injury Electrophysiological measures can provide information that complements clinical assessments such as the American Spinal Injury Association sensory and motor scores in the evaluation of outcomes after spinal cord injury (SCI). The authors review and summarize the literature regarding tests that are most relevant to the study of SCI recovery-in particular, motor evoked potentials and somatosensory evoked potentials (SSEPs). In addition, they discuss the role of other tests, including F-wave nerve conductance tests and electromyography, sympathetic skin response, and the Hoffman reflex (H-reflex) test as well as the promise of dermatomal SSEPs and the electrical perceptual threshold test, newer quantitative tests of sensory function.
It has been shown that motor evoked potential amplitudes improve with SCI recovery but latencies do not. Somatosensory evoked potentials are predictive of ambulatory capacity and hand function. Hoffman reflexes are present during spinal shock despite the loss of tendon reflexes, but their amplitudes increase with time after injury. Further, H-reflex modulation is reflective of changes in spinal excitability. While these tests have produced data that is congruent with clinical evaluations, they have yet to surpass clinical evaluations in predicting outcomes. Continuing research using these methodologies should yield a better understanding of the mechanisms behind SCI recovery and thus provide potentially greater predictive and evaluative power. ment of descending spinal tract function. They are induced by transcranial magnetic stimulation of the motor cortex and recorded on muscles of interest using surface electrodes to determine the level and extent of the SCI lesion. 4 Recordings of MEP latencies are thought to reflect the speed of conduction down the corticospinal tract; changes may suggest the level of remyelination/regeneration/reconnection of the corticospinal tract over time, and MEP amplitudes have been found to correlate with muscle movement velocity. 32 Wirth et al. 32 recently published results of a 6-month study of patients with iSCI, investigating changes in corticospinal function through recording of torque-controlled MEPs and ankle motor control. They found that the percentage increase in MEP amplitude was significantly related to the percentage increase of maximal movement velocity of the ankle. However, MEP latencies remained delayed during the 6-month period, a result that is consistent with findings of past studies.
6,29 Also of note, MEP amplitudes were found to have a high intraclass correlation coefficient (0.81) within healthy subjects, thus confirming MEP amplitude reliability. The use of MEPs as an accurate diagnostic tool is consistent with previous research findings. In a large multicenter study, Curt et al. 7 published findings tracking the functional recovery mechanisms of compensation, neural plasticity, and repair of the central nervous system over a 1-year period. As illustrated in Fig. 1 , they again found that evoked potential latencies remained unchanged over time, indicating that functional recovery in SCI patients was not related to improvements in spinal conductivity. Overall, improvements in function as assessed by the WISCI and SCIM scores did not correlate with reductions in evoked potential latencies. Therefore it was concluded that the findings strongly support the idea that recovery mainly occurs through compensation in cSCI and through facilitation by neural plasticity in iSCI rather than through physical repair.
It has also been found that task-dependent modulation of MEPs is a valuable extension to the use of MEPs as a diagnostic monitoring tool in iSCI. Diehl et al. 11 assessed tibialis anterior muscle response to MEPs induced by transcranial magnetic stimulation in patients with iSCI, finding a similar task-dependent modulation to that found in upper limb MEPs. 1 Studying dynamic versus static motor tasks adds an additional degree of diagnostic depth in monitoring motor function.
Somatosensory Evoked Potentials
Somatosensory evoked potentials provide a means for assessment of ascending spinal tract function. They are generated by stimulating peripheral nerves and recording the response from the patient's scalp. As a prognostic tool, SSEPs have been found to have predictive value in determining ambulation outcomes, although not to a degree more accurate than conventional clinical examination. 18 Additional studies have validated the use of SSEPs as an assessment tool. Curt et al. 5 showed a positive relationship between median and ulnar nerve SSEP amplitude and outcome of hand function as well as an overall capability for SSEPs to assess level of injury. Curt et al. 3 further showed a correlation between ASIA motor scores obtained in patients with SCI and their SSEP measures as a predictor of future ambulation, thus further establishing the value of SSEP as a diagnostic tool. Somatosensory evoked potentials have also been used to assess differences between patients with ischemic SCI and those with traumatic SCI. Iseli et al. 17 found that both groups of patients had similar motor and sensory deficits and both groups exhibited pathological SSEP recordings. Tibial SSEP recordings in patients with ischemic SCI and both pudendal SSEP and tSSEP recordings in patients with traumatic SCI had predictive power in assessing patient recovery. In a recent study, Spiess et al. 30 also confirmed the use of tSSEPs as a predictor of functional and neurological outcomes. This study also highlighted the possible fragility of electrophysiological recordings, citing spontaneous changes to recordability, latencies, and amplitudes in tSSEPs, and recommended taking this variability into account when using tSSEPs in studies.
Dermatomal SSEPs
Dermatomal SSEPs are SSEPs elicited with cutaneous electrical stimulation of ASIA sensory points. Shields et al. 28 were able to record dSSEPs in all dermatomes of 10 volunteers but were only able to elicit them in 5 of 9 patients with SCI and concluded that dSSEPs were of limited value in determining the level of cervical SCI. In a recent study of 34 patients with cervical SCI, Kramer et al. 20 showed a good correlation between pathological EPT values and both abolished and pathological dSSEPs.
Electromyography and Nerve Conductance Studies
Electromyography is often used with other tests to record elicited responses. In conjunction with nerve conductance studies, such as the F-wave measures, EMG is good for assessing whether there has been an injury to peripheral nerves. F-waves are elicited following supramaximal stimulation of a peripheral nerve and can be used to assess the efferent peripheral motor pathway. Fwaves have also been used to assess the excitability of the spinal motor neuron pool.
16,22,23

Sympathetic Skin Response
The SSR is another noninvasive electrophysiological assessment that records the response in the skin surface by EMG electrodes from electric or magnetic stimulation above the spinal lesion. 4 Physiological (auditory and inspiratory gasp) stimulation can also be used to elicit SSR. 24 These recordings can be used to assess damage to the spinal sympathetic nervous system and the respective peripheral sympathetic nerve fibers connecting the recorded skin areas. Some of the main pathways tested are palmar (testing the pathway from spinal cord to the sweat glands of the hands), plantar (pathway from spinal cord to feet), and perineal (from spinal cord to pre-and postganglionic sympathetic nerve fibers). 8 Cariga et al. 2 investigated SSR generation in an isolated spinal cord and the relationship between SSR, levels of SCI lesion, and supraspinal connections. They found that SSR could not be generated by an isolated spinal cord. Furthermore, in patients with cSCI, SSR was completely absent at any neurological level below the lesion, while in those with iSCI, SSR was dependent on the preservation of supraspinal connections. Thus, these connections are necessary for SSR, specifically along with central sympathetic pathways of upper thoracic segments for palmar SSR, and possibly all thoracic segments for plantar SSR. The authors also concluded that while SSR has not traditionally been used to provide an assessment for completeness of SCI lesion as much as somatic tests such as MEPs and SSEPs have been, the addition of sympathetic nervous system tests may provide a more complete picture for studying SCI.
Building upon this idea, Nicotra et al. 24 set out to study whether SSR provides a good measure of spinal sympathetic pathways in SCI. Indeed, SSR did provide a method for assessing integrity of sympathetic cholinergic pathways in patients with SCI, and it also provided responses that related with the ASIA impairment scale. Accordingly, SSR may provide another key component for assessing SCI that the current ASIA impairment scale lacks and could be another assessment to consider when monitoring and evaluating recovery and interventions. Nevertheless, SSR tests for this purpose have yet to be investigated thoroughly.
Hoffmann Reflex
The H-reflex test is the electrical analog of the monosynaptic stretch reflex. It can be elicited by low intensity (submaximal) electrical stimulation of the afferent fibers of a mixed peripheral nerve such as the tibial nerve or the common peroneal nerve. Afferent nerve stimulation leads to activation of the α-motor neuron, which is recorded using a surface EMG electrode. The H-reflex is generally considered to be a measure of motor neuron excitability. Changes in H-reflex amplitudes as a result of an intervention or a conditioning stimulus can be used to probe spinal cord excitability and pathophysiology. 19 The H-reflex amplitudes are increased after SCI. 26 During spinal shock, H-reflexes are present despite the loss of tendon reflexes. Over time, H-reflex amplitudes increase after SCI.
14 Modulation of the H-reflex is a reflection of ongoing changes in spinal cord physiology and plasticity. Thus far there have not been any studies in which lasting behavioral changes have been induced from H-reflex modulation, although that is an area of intense research. 25 
Electrical Perceptual Thresholds
The EPT test is a noninvasive quantitative sensory test developed to assess the level and degree of impairment of SCI. The test mimics light touch or pinprick tests with cutaneous electrical stimulation of ASIA sensory points along spinal dermatomes. 9 Savic et al. 27 validated the use of this test as a simple and reproducible means of testing in patients with SCI. Level of SCI as determined by EPT was found to be as accurate as clinical assessment according to ASIA classifications. Moreover, the authors concluded that EPT may add sensitivity and resolution to clinical testing that could be used in monitoring patients with SCI in clinical investigations.
Conclusions
Electrophysiological measures are increasingly being used to provide objective measures for SCI assessment. They are able to provide predictive value with a degree of significance similar to that provided by clinical examinations using ASIA scoring and provide informative, quantitative data on the changes that occur in neural circuitry. 21 Used in conjunction with conventional clinical examinations, electrophysiological examinations have come to be a good complement for assessing function after SCI. Furthermore, the tests themselves also complement each other in providing a broader picture of the condition. Ultimately, determining the underlying significance of these measures may provide a better understanding of the way in which neural plasticity, repair, compensation, and improvement interrelate in SCI.
